Introduction
At this moment, tissue engineered heart valve replacements have only been implanted at the pulmonary position ͓1͔ because they lack the mechanical integrity to withstand the pressures at the aortic side. One of the possibilities to improve the mechanical properties is conditioning of the construct in a bioreactor to trigger remodeling and to increase matrix synthesis ͓2,3͔. Mechanical conditioning protocols that aim at the synthesis of a properly organized collagen network seem to be a promising approach, as collagen is the main load-bearing component of the valve ͓4,5͔. It is known that mechanical stimuli induce remodeling of collagen fibers, which may include changes in the organization of fibers, fiber thickness, collagen type, collagen synthesis, enzymatic degradation, and crosslinking ͓6-12͔. Understanding these remodeling processes is therefore crucial for successful tissue engineering of functional aortic valves. In order to design efficient and optimal in vitro mechanical conditioning protocols, it is necessary to gain insight into the evolution of the collagen architecture and the mechanical properties during tissue development. However, the interaction between collagen remodeling and the mechanical loading condition within the tissue is complex because they are highly coupled. Therefore, mathematical models are desired to investigate remodeling of the collagen architecture and to assess the biomechanical remodeling laws.
Recently, Boerboom et al. ͓13͔ and Driessen et al. ͓14,15͔ modeled mechanically induced collagen fiber remodeling in the aortic heart valve. In these studies, it was assumed that the collagen fibers aligned with the strain field and that collagen content increased with fiber stretch. With these models, promising results were obtained: the predicted principal fiber direction ran in the circumferential direction from commissure to commissure and qualitatively resembled the native fiber architecture of the aortic valve, as measured by Sacks et al. ͓16͔ . However, these models also predicted the presence of radially oriented fiber directions, whereas these are scarcely present in the native valve. That is, excessive radial strains are prevented by rotation of predominantly circumferentially oriented collagen fibers toward the radial direction ͓4,5͔, not necessarily by the presence of radially oriented fibers. Moreover, the typical helical collagen architecture present in arteries ͓17͔ could not be explained with the proposed theory. However, in our opinion, a general theory for collagen remodeling in load-bearing ͑cardiovascular͒ structures can be expected because these tissues are exposed to comparable biomechanical stimuli. Therefore, in a subsequent study the model was adapted to investigate collagen remodeling in arteries ͓18͔. In that study, it was hypothesized that the collagen fibers aligned with preferred directions, situated in between the principal stretch directions. The orientation of these preferred directions depended on the magnitude of the principal stretches. The resulting predicted fiber directions in arteries represented symmetrically arranged helices that agreed qualitatively with measurements from literature ͓19,20͔. In the present paper, this hypothesis was applied to collagen remodeling in the aortic valve.
Materials and Methods
The framework of the model was described by Driessen et al. ͓14, 18͔ and is summarized here. The present study focused on modeling changes in collagen fiber content and orientation.
Constitutive Law.
The leaflet of the aortic valve was modeled as an incompressible fiber reinforced material ͓21͔:
where is the Cauchy stress, p is the hydrostatic pressure, I is the unity tensor, and is the isotropic matrix stress. N denotes the number of fiber directions, f denotes the fiber volume fraction, f denotes the fiber stress, and e ជ f denotes the fiber direction. The matrix material was modeled as a Neo-Hookean material with shear modulus G:
In Eq. ͑2͒, B is the left Cauchy-Green deformation tensor, defined as B = F · F T , with F as the deformation gradient tensor. The fiber stress ͑ f ͒ was a function of the fiber stretch ͑ f ͒ and an exponential constitutive equation was used
with k 1 and k 2 as material parameters. It was assumed that the collagen fibers could only take tensile stresses: f = 0 when f Ͻ 1. The fiber stretch was calculated from the right Cauchy-Green deformation tensor ͑C = F T · F͒ and the fiber direction in the undeformed configuration ͑e ជ f 0 ͒:
The fiber direction in the deformed configuration ͑e ជ f ͒ was then calculated from
2.2 Balance Equations. Neglecting inertial and body forces, the equations for conservation of momentum reduce to
The continuity equation for an incompressible material is written as
where J = det͑F͒ represents the volume change between the initial and the current configuration. The equations were completed with a set of boundary conditions. The finite element method ͓22͔ was used to solve the set of balance equations. Because the balance equations were nonlinear, a full Newton-Raphson iteration process was used to find an approximate solution. After linearization, the Galerkin method was used for spatial discretization of the weighting functions and the error in the displacement and pressure field. The linearized equations were solved using a Bi-CGStab iterative solver with an ILU preconditioner. The numerical framework and the constitutive equations were implemented in the software package SEPRAN ͓23͔ using Q2/Q1 elements with a continuous interpolation for the pressure. These Taylor-Hood elements use quadratic interpolation for the displacement field and a linear interpolation for the pressure unknowns.
Collagen Fiber Remodeling
2.3.1 Collagen Fiber Orientation. According to Driessen et al. ͓18͔ , it was assumed that the collagen fibers aligned with preferred directions ͑e ជ p ͒. These preferred directions were situated in between the principal stretch directions v ជ i ͑i =1,2,3͒ and their orientation depended on the magnitude of the principal stretches i ͑i =1,2,3͒. The orientation and magnitude of the principal stretches were calculated from the left Cauchy-Green deformation tensor B. In a local coordinate system ͑Fig. 1͒, spanned by the eigenvectors v ជ i , the preferred fiber direction was written as
The functions g i ͑ i ͒ in Eq. ͑8͒ are still to be specified and indicate the degree of alignment of the preferred fiber direction e ជ p with the principal stretch direction v ជ i . A high value of g i indicates that e ជ p is situated close to v ជ i . On the other hand, g i = 0 when e ជ p is perpendicular to v ជ i . In this study, it was assumed that the collagen fibers did not align with compressive principal stretch directions. In general, for an incompressible solid, the third principal stretch direction is compressive. Therefore, g 3 and ␥ 2 were set to zero. Consequently, two preferred directions symmetrically arranged with respect to the first principal stretch direction were used
with ␥ 1 = arctan͑g 2 / g 1 ͒. With two preferred directions, two fiber directions were used ͑N =2͒. Note that e ជ p 1 = v ជ 1 and e ជ p 2 = v ជ 2 was assumed in the study of Driessen et al. ͓14͔.
The evolution of the fiber direction was subsequently modeled by a first order rate equation
In Eq. ͑10͒, d j / dt is the rate of reorientation for fiber direction j and denotes the rate constant. The angle between e ជ p j and e ជ f j is denoted by ␣ j . Then, the fiber vector e ជ f j was rotated by an angle ⌬ j towards the preferred direction e ជ p j , yielding the new fiber direction e ជ f j Ј ͑Fig. 2͒.
Collagen Fiber Content.
It was assumed that the ͑steady-state value of the͒ fiber content ͑ f ss ͒ increased linearly with the square of the fiber stretch ͑ f 2 ͒. However, the fiber content was limited by a maximum value f max at a fiber stretch f max and a minimum value f min at f min : ber "e ᠬ f j … is rotated over an angle ⌬ j toward the preferred fiber direction "e ᠬ p j …, resulting in the fiber direction "e ᠬ f j Ј…. ␣ j denotes the angle between e ᠬ f j and e ᠬ p j .
The evolution of the fiber content was modeled by a first order rate equation
with d f j / dt as the rate of net fiber turnover for fiber direction j and as a rate constant. The procedure to update the fiber content and fiber direction after each time step was explained by Driessen et al. ͓14͔.
Geometry and Boundary Conditions.
It was assumed that collagen remodeling is dominated by the load applied to the leaflets during diastole. Therefore, only the closed configuration of the valve was considered. A stented valve geometry ͑Fig. 3͒ was used and contact between the three leaflets was left out of consideration. Only the fibrosa was modeled, because this layer is composed of a dense network of collagen fibers and is considered to be the main load-bearing structure of the aortic valve leaflet ͓24͔. The radius and thickness of the leaflet were set to 12 mm and 200 µm, respectively. Because of symmetry only 1 / 6 of the valve was used in the finite element computations. This part of the valve was discretized using 147 hexahedral elements. This degree of spatial discretization was found to be sufficient for the purpose of the present study, i.e., to predict the collagen fiber architecture. At the fixed edge, all nodal displacements were suppressed whereas at the symmetry edge displacements in the normal directions were set to zero. At the aortic side of the leaflet a pressure p 0 was applied instantaneously. Thereafter, the pressure level was gradually increased to p max .
Parameters.
For the matrix material a shear modulus G = 0.5 MPa was used. Based on the study of Billiar and Sacks ͓5͔, the fiber parameter k 2 , which describes the degree of nonlinearity of the fiber stress, was set to 6.0. For the fiber parameter k 1 a value of 2.0 MPa was used to ensure that the fibers were much stiffer than the matrix material for all tensile strains. With this set of parameters and the applied boundary conditions, strains in the order of 10% were obtained. These strains were assumed to be relevant in functional tissue engineering of heart valves ͓25͔. The minimum value of the fiber content ͑ f min ͒ was set to 0.0 at f min = 1.0, whereas f max = 0.3 was used at f max = 1.25. Time was scaled with 0 = 1.0 s −1 and the values of / 0 and / 0 were both set to 1.0. Note that these parameters were also used in the study of Driessen et al. ͓14͔. It was assumed that the larger the principal stretch, the more the fibers aligned with the corresponding principal stretch direction. In other words, the functions g i were assumed to increase with the magnitude of the principal stretch i and were chosen as
with arbitrarily set equal to 2. Note that 1 Ͼ 1 for an incompressible solid. Equation ͑15͒ implies that for an uniaxial loading condition ͑ 1 Ͼ 1, 2 and 3 Ͻ 1͒, the two preferred fiber directions coincide and are aligned with the first principal stretch direction ͑␥ 1 =0͒. On the other hand, in case of a biaxial loading condition ͑ 1 and 2 Ͼ 1, 3 Ͻ 1͒, the preferred fiber directions are symmetrically aligned in between the first and second principal stretch direction ͑␥ 1 0͒.
Initial Fiber Configuration.
After a pressure of 3 kPa had been applied instantaneously ͑p 0 = 3 kPa at 0 t =0͒, it was assumed that the initial fiber directions coincided with the preferred directions. The initial fiber content was set to zero. Thereafter, the remodeling process started and the pressure level was increased linearly over time to 10 kPa ͑p max = 10 kPa at 0 t =1͒. Note that gradually increasing pressure levels have already been applied in in vitro studies to condition tissue engineered heart valves ͓2,3͔.
Parameter Variations.
To investigate the effects of the maximum pressure level on the process of collagen remodeling, the value of p max was changed from 10 to 4 kPa. The values of k 1 and G were changed from 2.0 to 1.0 MPa and from 0.5 to 1.5 MPa, respectively, to show the consequences of a reduced fiber stiffness and an increased matrix modulus. To simulate the effects of a more pronounced fiber alignment, the power in Eq. ͑15͒ was changed from 2 to 20. The performed analyses are summarized in Table 1 .
Results
To study the effects of the remodeling process on the leaflet's mechanical behavior, the maximum principal stretch ͑ 1 ͒ of a node in the commissure region was calculated as a function of scaled time ͑ 0 t͒ ͑Fig. 4͒. At 0 t = 0 the stretches increased instantaneously due to application of the pressure p 0 . In the following part of this figure ͑ 0 t = ͗0,1͔͒, the change in 1 was the net result of the increase in pressure level ͑from p 0 to p max ͒ and collagen fiber remodeling. The stretches initially decreased but increased thereafter for the results obtained with the reference values ͑case 1͒, the reduced fiber stiffness ͑case 3͒, and the increased degree of alignment ͑case 5͒. The stretches obtained with the reduced pressure level ͑case 2͒ decreased monotonically because the transvalvular pressure hardly increased. In case of the increased matrix modulus ͑case 4͒, the stretches at 0 t = 0 were relatively small. Therefore, fiber remodeling was hardly triggered and the stretches increased monotonically due to the increase in pressure level. In the final part ͑ 0 t = ͗1, → ͒͘ of the figures, the pressure was held constant and the stretches decreased as a result of fiber remodeling. The stretches obtained with =20 ͑case 5͒ were nearly equal ͑relative difference Ӎ0.1%͒ to those obtained with the reference values of the parameters ͑case 1͒. Due to the relatively large stretches, the total volume fractions f tot ͑= f 1 + f 2 ͒ were obviously high in the commissure region and near the fixed edge ͑Fig. 5͑a͒͒. In the lower part of the belly region, on the other hand, the total volume fractions were relatively low. In the belly region, the leaflet was loaded biaxially and as a result two separate fiber directions were present, symmetrically arranged with respect to the first principal stretch direction ͑Fig. 5͑b͒͒. The remaining part was mainly loaded uniaxially and consequently the two fiber directions coincided and were aligned with the first principal stretch direction.
To demonstrate the dissimilarities in the fiber architectures obtained with the different parameters, the value of ␥ 1 in the belly region was compared ͑Fig. 6͒. Figure 6͑a͒ was obtained with the reference values of the parameters and corresponds to Fig. 5͑b͒ . With a reduced pressure level ͑Fig. 6͑b͒͒, a reduced fiber stiffness ͑Fig. 6͑c͒͒ and an increased matrix modulus ͑Fig. 6͑d͒͒, the belly region was loaded less biaxially and as a result the value of ␥ 1 decreased. In case of more pronounced alignment ͑Fig. 6͑e͒͒, ␥ 1 changed only slightly ͑mean difference ␥ 1 Ӎ −2.3°͒. This was caused by the fact that for = 20 the belly region was loaded slightly more biaxially than for =2 ͑i.e., 1 slightly decreased whereas 2 increased͒. Then, the ratio between g 1 and g 2 in Eq. ͑15͒ apparently remained nearly constant. In other words, the change in was partly counterbalanced by changes in the magnitude of the principal stretches. Note that in all cases a singularity arose in a small part of the lower belly region; at these locations the leaflet was loaded equibiaxially ͑ 1 Ӎ 2 ͒ and as a result the principal stretch directions ͑v ជ 1 and v ជ 2 ͒ became unstable whereas ␥ 1 → 45°, i.e., the preferred fiber directions ͑e ជ p 1 and e ជ p 2 ͒ could not be determined unambiguously.
The total volume fractions obtained with the different parameter values were compared ͑Table 2͒. In case of a reduced pressure level ͑case 2͒ or an increased matrix modulus ͑case 4͒, the stretches within the leaflet were reduced. As a result, the fiber content was lower compared to reference situation ͑case 1͒. On the other hand, with the reduced fiber stiffness ͑case 3͒, the stretches and consequently the fiber volume fractions increased. The volume fractions obtained with an increased alignment ͑case 5͒ were equal to those obtained with the reference values.
Discussion
Previous models for collagen remodeling in the aortic valve assumed that the main fiber directions aligned with the principal stretch directions ͓13,14͔. Consequently, these models predicted the presence of a secondary fiber population in the radial directions, which is hardly present in native valves ͓4͔. In addition, these models were unable to predict the helical fiber architecture in arteries. Therefore, Driessen et al. ͓18͔ revised the hypothesis to study collagen remodeling in the arterial wall. It was hypothesized that, in case of a biaxial loading condition, the collagen fibers aligned with preferred directions, situated in between the principal stretch directions. On the other hand, it was assumed that the fibers in uniaxially loaded regions aligned with the tensile principal stretch direction. In the present study, this hypothesis was applied to investigate mechanically induced remodeling of the fiber architecture in the aortic heart valve. The predicted fiber architecture ͑Fig. 5͑b͒͒ showed a strong resemblance with fiber directions in the native valve ͑Fig. 7͒. In the commissure region and near the free edge, there was one distinct fiber direction due to a uniaxial loading condition. These fibers ran in the circumferential direction from commissure to commissure and entered the fixed edge radially. In the belly region, on the other hand, the tissue was 
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Transactions of the ASME loaded biaxially and consequently a branching architecture arose. Note that the predicted branching collagen architecture is also clearly visible in Fig. 7 . Although the predicted fiber directions agreed qualitatively with the native macroscopic collagen architecture, our results deviated from quantitative structural measurements ͓27͔. The results of these structural measurements indicate that the local distribution of fibers is approximately Gaussian and that the dominant fiber direction coincides with the circumferential direction. This Fig. 6 Value of ␥ 1 "deg… in the belly region on the aortic surface of the leaflet after the remodeling process. "a… is obtained with reference values of the parameters "case 1…, "b… with a reduced pressure level "case 2…, "c… with a reduced fiber stiffness "case 3…, "d… with an increased matrix modulus "case 4…, and "e… with a more pronounced alignment "case 5…. discrepancy was probably caused by the fact that we considered only two fiber directions, whereas multiple directions are present in the native valve. Based on measurements of the fiber architecture in intestinal submucosa ͓28-30͔, it is possible that the two predicted fiber directions in the belly region of the leaflet have to be interpreted as local preferred directions, representing two subdistributions of fiber orientations. If these two fiber populations overlap sufficiently, only a single overall preferred direction will be detectable ͑Fig. 8͒. Consequently, accounting for remodeling of continuously distributed collagen fibers ͓15,32,33͔ might be essential and the relative contribution of the subdistributions to the mechanical properties has to be established.
To study the effects of the predicted collagen fiber architecture on the mechanical behavior of the valve tissue more thoroughly, a biaxial test was simulated. For this simulation, the material parameters from case 1, a part of the belly region ͑−0.4ഛ x ഛ 0.4 and 0.7ഛ y ഛ 0.9͒ and a homogenized predicted fiber architecture ͑␥ 1 = 25°and f 1 = f 2 = 0.07͒ was used. The tissue was subsequently loaded equibiaxially ͑ circumferential = radial = 2.0 MPa͒. The resulting stress-stretch curve ͑Fig. 9͒ demonstrated that the stretches in the circumferential directions were small compared to the radial stretches, due to the difference in extensibilities between both directions. In addition, an in-plane mechanical coupling between both directions was present. This coupling was caused by rotation of fibers toward the radial direction and resulted in a slightly negative slope of the circumferential curve at large stresses. This simulated behavior, i.e., mechanical anisotropy and in-plane coupling, agreed qualitatively with the experimental observations of Billiar and Sacks ͓4͔. For a more accurate quantitative description of the mechanical behavior of the valve tissue, structural constitutive models are required that account for the experimentally derived angular distribution of collagen fibers ͓5,34͔. However, these integral models, based on work by Lanir ͓35͔, are computationally expensive in finite element simulations.
Although there was qualitative agreement between the numerical results and data from native leaflets, the major limitation of the model was the lack of motivation for the preferred direction and the biological mechanisms that govern collagen reorganization. The assumption that the collagen fibers aligned with the tensile principal stretch direction in case of a uniaxial loading condition ͑g 2 = 0 for 2 Ͻ 1͒ was in accordance with experimental results ͓36͔. However, only speculations can be made about the biological mechanisms that govern the tissue's response to biaxial loading conditions. A possibility that needs further investigation is the hypothesis that the tissue strives for a homogeneous fiber stretch. This mechanism may govern the fiber directions in the heart ͓37,38͔, and trigger growth and remodeling in the arterial wall ͓39͔. This hypothesis is further supported by the fact that there exists an optimal stretch at which collagen degradation is minimized ͓40͔. In other words, the cells might remodel and reorganize the extracellular matrix in such a way that a homogeneous and optimal fiber stretch is obtained.
Another limitation of the model was its ambiguous behavior in ͑nearly͒ equibiaxial loading conditions. In these cases, it would be reasonable for the model to predict no reorientation since the inplane principal stretch directions ͑v ជ 1 and v ជ 2 ͒ were indistinguishable. However, the model would predict random preferred directions that depended on the arbitrarily calculated principal stretch directions. A possible solution for this limiting behavior could be to modify the rate constant by making it a function of the in-plane principal stretches ͑ 1 and 2 ͒, e.g., it could be assumed that the rate of reorientation reached the value zero ͑e.g., = 0 ͓ 1 / 2 −1͔͒ when the two principal stretches approached each other as happens in a ͑nearly͒ equibiaxial loading condition. However, this modification may cause problems when the fiber directions are not situated in the equibiaxially loaded plane; the fibers would not rotate into the plane of extension because the rate constant would equal zero for 1 = 2 . Obviously, the solution to this limiting behavior of the model in equibiaxial loading conditions needs further investigation. Another situation in which the preferred directions could not be determined unambiguously was the case of no or very small deformations. It was expected that this had no major consequences on the model behavior because the fibers were absent in case of no deformation ͑ f = 0 for f =1͒ and, hence, did not contribute to the mechanical behavior of the construct.
From tissue engineering experiments, it is known that collagen content increases during ͑mechanical͒ conditioning ͓25,41,42͔, whereas the scaffold ͑which can be considered as matrix material͒ is degraded over time ͓43͔. In this study, it was assumed that the volume of the construct remained constant during remodeling and fiber turnover. In other words, it was implicitly supposed that dV f / dt =−dV m / dt ͑with V f and V m the volume occupied by the fibers and matrix, respectively͒. This assumption implied that ͑1͒ fibers were created from matrix material, or ͑2͒ fiber synthesis and degradation of matrix material occurred simultaneously. Based on measurements from literature ͓44͔, it was assumed that collagen content increased with increasing stretches ͑Eqs. ͑11͒-͑13͒͒. However, the exact relationship between collagen turnover and strain still needs to be assessed experimentally. The presented theory focused on modeling changes in collagen fiber orientation and content, although it is known that remodeling and maturation may also affect fiber type, fiber thickness and crosslinking ͓45-47͔ possibly affecting the fiber properties. In addition, the ͑isotropic͒ matrix properties were assumed constant whereas these can change as a result of scaffold degradation ͓43͔ or synthesis of matrix products ͑e.g., elastin and proteoglycans͒. As the diastolic phase takes the longest period of time of the cardiac cycle and the leaflets are maximally loaded during this phase, only the closed configuration of the valve was considered. Moreover, it was previously demonstrated that the leaflets are mainly loaded uniaxially in the open configuration of the valve ͓13,14͔ and therefore it was anticipated that the branching collagen network could not be explained in the open configuration with the presented theory. Based on the assumption that the compressive stiffness and bending rigidity of the fibers are negligible ͓35͔, it was supposed that the fibers could only support tensile stresses. It was expected that allowing the fibers to support modest compressive stresses had no significant effects on the predicted architecture, because fibers under compression were assumed to be degraded ͑i.e., f → 0 if f Ͻ 1͒. The predicted fiber architecture, after the remodeling process, was only compared qualitatively with the observed architecture in the native leaflet. Therefore, techniques have to be developed to quantify the native fiber architecture. Subsequently, with these techniques a quantitative comparison can be made between the predicted and actual fiber directions and contents. Finally, the evolution of the remodeling process and the associated rate equations ͑Eqs. ͑10͒ and ͑14͒͒ still have to be validated.
In summary, the precise biological mechanisms by which the cells remodel the extracellular matrix and the collagen network are not yet fully understood. Quantitative experimental data are needed to estimate the material and remodeling parameters. Tissue equivalents, less complex than the aortic valve, are desired to study mechanically induced tissue remodeling experimentally ͓25͔. Experiments with these tissue equivalents might provide the opportunity to elucidate the remodeling mechanisms and it is expected that the results of the presented computational model can be employed to define the experimental protocols. 
